ABSTRACT N-Hydroxypyridine-2-thione (2-HPT), known to release hydroxyl radicals on irradiation with visible light, and two related compounds, viz. N-hydroxypyridine-4-thione (4-HPT) and N-hydroxyacridine-9-thione (HAT), were tested for their potency to induce DNA damage in L1210 mouse leukemia cells and in isolated DNA from bacteriophage PM2. DNA single-strand breaks and modifications sensitive to various repair endonucleases (Fpg protein, endonuclease III, exonuclease III, T4 endonuclease V) were quantified. Illumination of cell-free DNA in the presence of 2-HPT and 4-HPT gave rise to damage profiles characteristic for hydroxyl radicals, i.e. single-strand breaks and the various endonuclease-sensitive modifications were formed in the same ratios as after exposure to established hydroxyl radical sources. In contrast, HAT plus light gave rise to a completely different DNA damage profile, namely that characteristic for singlet oxygen. Experiments with various scavengers (t-butanol, catalase, superoxide dismutase) and in D 2 O as solvent confirmed that hydroxyl radicals are directly responsible for the DNA damage caused by photoexcited 2-HPT and 4-HPT, while the damage by HAT plus light is mediated by singlet oxygen and type I reactions. The type of DNA damage characteristic of hydroxyl radicals was also observed in L1210 mouse leukemia cells when treated with 2-HPT plus light or with H 2 O 2 at 0_C. t-Butanol (2%) inhibited the cellular DNA damage by ∼50%. A dose of 2-HPT plus light that generated single-strand breaks at a frequency of 5 × 10 -7 /bp was associated with 50% cell survival. No DNA damage and cytotoxicity was observed after treatment with 2-HPT in the dark. We propose that 2-HTP and 4-HTP may serve as new agents to study the consequences of DNA damage induced by hydroxyl radicals in cells. In addition, the data provide direct evidence that hydroxyl radicals are ultimately responsible for the genotoxic effects caused by H 2 O 2 in the dark.
INTRODUCTION
Reactive oxygen species (ROS) such as superoxide, hydroxyl radicals and singlet oxygen are generated inside cells not only under the influence of exogenous agents-such as ionizing radiation, visible light, quinones and peroxides-but also under natural growth conditions (1) (2) (3) (4) (5) . Despite effective cellular defense mechanisms, the ROS give rise to oxidative DNA modifications and mutations which can initiate carcinogenesis and may play a role in the development of several age-correlated degenerative diseases (6) (7) (8) (9) (10) (11) (12) (13) (14) . Hydroxyl radicals generated in a Fenton reaction are frequently assumed to be directly responsible for the steady-state level of oxidative DNA modifications observed under natural growth conditions as well as for the damage induced by an exposure to peroxides, quinones and many other oxidants. However, direct proof for this assumption has not been obtained and other species and mechanisms may contribute to the DNA damage by oxidants, e.g. other free radicals, singlet oxygen or the activation of cellular nucleases by a release of Ca 2+ from intracellular stores (15) (16) (17) . Based on the results obtained with radical scavengers, ∼70% of the cellular DNA damage induced by ionizing radiation has been attributed to hydroxyl radicals (18) .
To obtain further insight into the mechanism and the consequences of oxidative DNA damage in cells, the use of established chemical sources of hydroxyl radicals in cells is of high value. It has been reported that N-hydroxypyridine-2-thione (2-HPT; Fig. 1 ) decomposes on irradiation to generate hydroxyl radicals (19) (20) (21) (22) . This water-soluble compound is used as a bactericidal and fungicidal agent and has been tested as a cytostatic drug because of its iron-chelating properties (23) . Except for the intermediary hydroxyl radicals, the products formed in the photodecomposition should all have low reactivity with DNA (Fig. 2) . We therefore tested whether 2-HPT and two structurally related compounds, viz. N-hydroxypyridine-4-thione (4-HPT) and N-hydroxyacridine-9-thione (HAT) (Fig.  1 ) are suitable agents to study the DNA damage by hydroxyl radicals. Recently, we reported the generation of 8-hydroxyguanine (8-oxoG) by photoexcited 2-HPT and 4-HPT in calf thymus DNA (24) . As described previously, specific repair endonucleases can be used to quantify various types of oxidative modifications both in cellular and cell-free DNA (25) . DNA damage profiles are obtained which characterize the DNA damage and serve as fingerprints of the ultimate (directly) DNA damaging species. Here, we describe an analysis of the DNA damage induced by photodecomposition of the above-named N-hydroxypyridinethione derivatives and give evidence that 2-HPT and 4-HPT indeed modify DNA via hydroxyl radicals, while the damage by HAT is in part mediated by singlet oxygen. The DNA damage profile induced by 2-HPT plus light in L1210 mouse leukemia cells is consistent with the assumption that hydroxyl radicals are directly responsible for the cellular DNA damage as well.
MATERIALS AND METHODS

Synthesis of N-hydroxypyridine-4-thione (4-HPT)
4-Chloropyridine-N-oxide (6.00 g, 46.3 mmol), which was synthesized from 4-nitropyridine-N-oxide according to Ochai (26) , was dissolved in 60 ml ethanol. After addition of thiourea (3.53 g, 46.4 mmol), the solution was heated to reflux for 4 h. The suspension was cooled to 0_C and the precipitate was separated by filtration to yield 7.98 g (38.8 mmol, 84%) of colorless S-4-pyridylisothioroniumchloride-N-oxide. The thiouronium salt (7.00 g, 34.0 mmol) was dissolved in 28 ml water and 3.70 g (37.0 mmol) of sodium carbonate were added. The suspension was heated at 30_C for 5 min and stirred for 3 h at room temperature in the dark. The resulting solution was made acidic by addition of 18% HCl to precipitate 4-HPT. Further purification of the crude product by dissolving in 2 N aqueous NaOH and subsequent precipitation by 18% HCl afforded 3.20 g (25.2 mmol, 74%) 4-HPT as yellow needles, mp 144-145_C (ref. 27: mp 140_C), λ max 322 nm (ε = 18600 l/mol/cm) (phosphate buffer pH 7.0).
Synthesis of N-hydroxyacridinethione (HAT)
70% m-Chloroperoxybenzoic acid (5.00 g, 20.3 mmol) was added to a solution of 9-chloroacridine (3.00 g, 14.0 mmol), which was prepared from N-phenylanthranilic acid according to Jaycox et al. (28) , in 60 ml chloroform and stirred at room temperature for 4 h.
The reaction mixture was extracted with 2 N aqueous NaOH. The aqueous solution was extracted with chloroform (2 × 20 ml), the combined organic fractions were washed with water (2 × 20 ml) and dried over MgSO 4 . The solvent was removed to yield 3.23 g (14.0 mmol, 100%) of crude 9-chloroacridine-N-oxide, which was used without further purification. It was dissolved in 200 ml ethanol at 40-50_C and 1.70 g (43.5 mmol) of 35% sodium sulfide hydrate (contains 35% sodium sulfide) were added. The red solution was heated to reflux for 1 h and filtered hot to remove undissolved materials. The filtrate was cooled in an ice bath and the pH was adjusted to 3. The precipitated crude product was separated, resuspended in 40 ml water and stirred for 30 min at 25_C in the dark. After filtration, 1.12 g (4.92 mmol, 65%) of HAT were obtained as red powder, mp 155-156_C (ref. 29 : m.p.147_C); λ max 496 nm (ε = 14300 l/mol/cm) (acetonitrile).
Other materials
2-HPT [λ max 332 nm (ε = 6880 l/mol/cm) in phosphate buffer pH 7.0] was obtained from Sigma-Aldrich Chemie, Deisenhofen, Germany. DNA from bacteriophage PM2 (PM2 DNA) was prepared according to the method of Salditt et al. (30) . More than 97% was in the supercoiled form, as determined by the method described below. Formamidopyrimidine-DNA glycosylase (Fpg protein) (31) and endonuclease III from Escherichia coli were kindly provided by S. Boiteux, Villejuif, France. T4 endonuclease V was partially purified by the method described by Nakabeppu et al. (32) from the E.coli strain A 32480 (uvrA, recA, F′lac IQ1) carrying the plasmid ptac-denV (kindly provided by L. Mullenders, Leiden, Netherlands) after induction with isopropyl-β-D-thiogalactopyranoside. Exonuclease III was purchased from Boehringer, Mannheim, Germany. All repair endonucleases were tested for their incision at reference modifications (i.e. thymine glycols induced by OsO 4 , AP sites by low pH and pyrimidine dimers by UV 254 ) under the applied assay conditions to ensure that the correct substrate modifications are fully recognized and no incision at non-substrate modifications takes place (33) . L1210 mouse leukemia cells (Flow Laboratories, Meckenheim, Germany) were cultured in RPMI 1640 medium which contained 10% fetal calf serum.
A Philips 1000 W halogen lamp at a distance of 33 cm (for emission spectrum see ref. 34 ) was used as light source. The lamp spectrum provided by the manufacturer was calibrated by means of iron oxalate actinometry (difference between cut-off filters at 400-450 nm). All light doses refer to the emission of the lamp between 400 and 800 nm.
Modification of PM2 DNA
PM2 DNA (10 µg/ml) was exposed on ice to visible light (see above) in the presence and absence of N-hydroxypyridinethiones in phosphate buffer (5 mM KH 2 PO 4 , 50 mM NaCl, pH 7.4), which in the case of HAT contained 10% (vol/vol) ethanol. In some of the experiments, SOD (60 U/ml), catalase (280 U/ml) or 2% (vol/vol) t-butanol was added or H 2 O in the buffer was replaced by D 2 O. In the last case, the pD of the buffer was adjusted according to Srere et al. (35) ; the final isotope purity was >96%. The exposure to NDPO 2 (disodium salt of 1,4-etheno-2,3-benzodioxin-1,4-dipropanoic acid) and to ionizing radiation has been described previously (36) . The DNA was precipitated by ethanol/sodium acetate and redissolved in BE 1 buffer (20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 1 mM EDTA) for damage analysis.
Quantification of DNA modifications in PM2 DNA
The DNA relaxation assay used to quantify endonuclease-sensitive modifications and strand breaks in PM2 DNA has been described earlier (25, 37) . It makes use of the fact that supercoiled PM2 DNA is converted by either a single-strand break (SSB) or the incision of a repair endonuclease into a relaxed (nicked) form which migrates separately from the supercoiled form in agarose gel electrophoresis. Quantification of both forms of DNA by fluorescence scanning after staining of the gel with ethidium bromide allows to calculate the average number of single-strand breaks per PM2 molecule (10 4 bp) or-if an incubation with a repair endonuclease precedes the gel electrophoresis-the number of single-strand breaks plus endonuclease-sensitive sites.
Exposure of L1210 cells and quantification of cellular DNA modifications
Exponentially growing L1210 cells were suspended at 10 6 cells/ml in PBSCMF buffer (137 mM NaCl, 2.7 mM KCl, 8.3 mM NaH 2 PO 4 , 1.5 mM KH 2 PO 4 , pH 7.4) and exposed to various concentrations of 2-HPT for 15 min at 0_C, with or without illumination with visible light (1000 W halogen lamp; 10 min at 33 cm distance, which corresponds to 225 J/m 2 between 400 and 800 nm). Cells were pelleted by centrifugation and resuspended in ice-cold PBSCMF buffer twice.
Determination of various types of DNA modification was carried out by means of an alkaline elution assay, in which the cellular DNA was incubated with one of the repair endonucleases [Fpg protein (1 µg/ml), endonuclease III (10 ng/ml), T4 endonuclease V (30 ng/ml)] immediately after cell lysis, as described previously (25) . To quantify direct DNA single-strand breaks, the incubation was carried out without endonuclease. The slope of an elution curve obtained with γ-irradiated cells was used for calibration (6 Gy = 1 ssb/10 6 bp). The slopes observed with untreated control cells were subtracted. The numbers of modifications incised by the repair endonucleases were obtained by subtraction of the number of single-strand breaks observed without endonuclease treatment.
Cytotoxicity in L1210 cells
To test the cytotoxicity caused by 2-HPT with and without light, L1210 cells exposed to various concentrations of 2-HPT under the conditions described above were resuspended at 3 × 10 4 cells/ml in fresh medium at 37_C, and the number of cells was counted repeatedly for 60 h. From the exponential part of the growth curves (between 24 and 60 h) the number of proliferating cells at the time of resuspension was calculated by extrapolation. Cell survival was defined as the ratio between proliferating and resuspended cells.
RESULTS
DNA damage induced by N-hydroxypyridinethione derivatives under cell-free conditions
Supercoiled DNA from bacteriophage PM2 (10 4 bp) was exposed in phosphate buffer at 0_C to a fixed dose of visible light in the presence of various concentrations of 2-HPT, 4-HPT and HAT or to various doses of light in the presence of a fixed concentration of 2-HPT. Subsequently, the DNA was analysed for (i) DNA single-strand breaks and (ii) modifications sensitive to formamidopyrimidine-DNA glycosylase (Fpg protein) from E.coli. The enzyme recognizes 8-oxoG and imidazole ring-opened purines in DNA, in addition to sites of base loss (see Table 1 ).
As shown in Figure 3 , 2-HPT plus light generated DNA single-strand breaks and Fpg-sensitive modifications in similar yields. No DNA modifications were induced by 2-HPT or visible light alone (see data points on the ordinate axis in Figure 3 ). The extent of DNA damage caused by 2-HPT plus light reached a maximum at ∼2 mM and decreased at higher 2-HPT concentrations (Fig. 3A) . The decrease cannot be explained by an inner filter effect, since the extinction coefficient of 2-HPT is very low at wavelengths >380 nm. Rather, it is the consequence of the complex decomposition kinetics (see Fig. 2 ). For a constant 2-HPT concentration (200 µM), the extent of DNA damage increased linearly with the illumination time for at least 20 min (Fig. 3D) . This is an indication that only a small fraction of 2-HPT is decomposed by this light dosis. 4-HPT proved to induce DNA damage much more efficiently than 2-HPT (Fig. 3B) , although its absorption spectrum (and therefore the number of molecules excitated by a given light dose) is similar. With 4-HPT, no saturation of the DNA damage was observed over the concentration range (0-80 µM) tested. HAT plus light also gave rise to DNA strand breaks and Fpg-sensitive modifications (Fig. 3C) . In contrast to both 4-HPT and 2-HPT, HAT induced Fpg-sensitive modifications in high excess of strand breaks. As the absorption spectrum of HAT is different from that of 2-HPT and 4-HPT, the yields of DNA damage cannot be directly compared. 
Comparison of cell-free DNA damage profiles
From the data shown in Figure 3 and similar data obtained with the other repair endonucleases listed in Table 1 , DNA damage profiles were calculated which give the amounts of various types of DNA modifications induced by 2-HPT, 4-HPT and HAT plus light (Fig.  4) . For comparison, DNA damage profiles are shown which were observed after treatment of PM2 DNA with the endoperoxide NDPO 2 (43) and with ionizing radiation. These latter two damage profiles are caused by the reaction of DNA with singlet oxygen and hydroxyl radicals, respectively, as has been shown previously (33, 44, 45) . It is evident from Figure 4 that the damage profiles induced by 2-HPT and 4-HPT are very similar to that one induced by ionizing radiation, which has been attributed to hydroxyl radicals. Thus, in all three cases, single-strand breaks are approximately as frequent as modifications sensitive to Fpg protein. The latter represent oxidative purine modifications and AP sites in a ratio of 1:1, as indicated by the number of sites recognized by the specific AP endonucleases, exonuclease III, endonuclease IV and-in the absence of pyrimidine dimers-T4 endonuclease V (Table 1 ). Pyrimidine modifications recognized by endonuclease III are relatively rare, as the number of sites incised by this enzyme does not significantly exceed the number of AP sites. In contrast, the damage profile induced by HAT plus light is similar to that generated by singlet oxygen (Fig. 4) and several type I photosensitizers (46) . In all these cases, base modifications sensitive to Fpg protein, which probably are mostly 8-hydroxyguanine, are formed in high excess of strand breaks, AP sites and pyrimidine modifications.
Influence of scavengers and other additives
To test for the involvement of H 2 O 2 , superoxide, reactive radicals and singlet oxygen in the DNA damage induced by the photodecomposition of 2-HPT, 4-HPT and HAT, the reaction with PM2 DNA was carried out in the presence of catalase, superoxide dismutase or t-butanol, or H 2 O in the buffer was replaced by D 2 O. Effects of these same agents on the damage by ionizing radiation and chemically generated singlet oxygen were measured for comparison. The results (Table 2) show that neither H 2 O 2 nor superoxide are involved in the damage by any of the agents, since the numbers of strand breaks and Fpg-sensitive modifications was not changed in the presence of catalase or SOD. For the same reason, hydroxyl radical formation by traces of transition metals plus H 2 O 2 (Fenton reaction) does not play any significant role. In the presence of 2% t-butanol, the formation of both strand breaks and Fpg-sensitive modifications by ionizing radiation and by 2-HPT and 4-HPT plus light was inhibited by 80% (Table 2 ), in support of the assumption that hydroxyl radicals are responsible in all these cases. In contrast, t-butanol had no significant effect on the damage induced by singlet oxygen and by HAT plus light (Table 2) ; therefore, hydroxyl radicals are not involved in these cases.
The DNA damage induced by singlet oxygen (generated by the thermal decomposition of NDPO 2 ) was ∼10-fold higher when H 2 O in the buffer was replaced by D 2 O (Table 2 ), in agreement with the 10-fold longer lifetime of singlet oxygen in this solvent. The same solvent change did not influence the damage induced by 2-HPT and 4-HPT plus light and by ionizing radiation, but gave a 2-fold increase of the number of Fpg-sensitive base modifications generated by HAT plus light ( Table 2 ). The results indicate that singlet oxygen is responsible for some of the DNA damage induced by HAT, while this species does not play a significant role in the Table 1 ). They represent the means of three or more independent experiments (±SD). The damage profiles (iv) and (v) have been described previously (44) .
damage by 2-HPT and 4-HPT. The only moderate D 2 O effect in the case of HAT is an indication that photoexcited HAT molecules also react directly with DNA (type I photooxidation).
DNA damage profiles in cellular DNA
The alkaline elution technique was used in combination with the repair endonucleases to obtain DNA damage profiles from cellular DNA as described previously (25) . The alkaline elution curves obtained with L1210 mouse leukemia cells exposed to 2-HPT with and without light are shown in Figure 5 . From the slopes of these and additional elution curves, the numbers of Fpg-sensitive modifications and strand breaks shown in Figure 6 and the DNA damage profiles shown in Figure 7 were calculated. For comparison, a cellular damage profile was also measured after exposure at 0_C to H 2 O 2 . It is shown in Figure 7 , together with the damage profile induced by the photosensitizer acridine orange plus light, which has been described earlier (46) .
The data shown in Figure 6 indicate that the damage by 2-HPT plus light increases linar with the 2-HPT concentration, while neither strand breaks nor Fpg-sensitive modifications were detected after exposure to 2-HPT in the dark. Visible light alone induces Fpg-sensitive modifications (34); however, the number is negligible under the reaction conditions used here, as calculated from the data described previously.
It is evident that the damage profiles induced in L1210 cells by 2-HPT plus light and by H 2 O 2 are similar to each other (Fig. 7) and match the cell-free damage profiles attributed to hydroxyl radicals (Fig. 4) . They differ significantly from the damage profile induced by acridine orange plus light, which is of the type characteristic for singlet oxygen and type I photosensitizers (46) . These results indicate that the cellular DNA damage induced by 2-HPT plus light is generated by the same mechanism as under cell-free conditions, i.e. by the reaction of DNA with hydroxyl radicals. The damage by H 2 O 2 can be attributed to the same ultimate oxidizing species. These conclusions are further supported by the effect of t-butanol (2%) on the cellular damage by 2-HPT plus light, since the formation of both single-strand breaks and Fpg-sensitive modifications was inhibited (residual damage 60 ± 4% and 52 ± 20%, respectively).
Cytotoxicity of 2-HPT plus light
To test the cytotoxicity caused by 2-HPT with and without light, the proliferation of 2-HPT-treated L1210 cells was followed after resuspension in fresh medium. From the exponential growth curves, the percentage of resuspended cells capable of proliferation was determined by extrapolation. The data shown in Figure 8 indicate that the treatment with 90 µM 2-HPT plus light, which gave rise to 0.5 × 10 -6 strand breaks/bp (see Fig. 6 ), reduced the number of proliferating cells to 50%. Virtually no cytotoxicity was observed with 110 µM 2-HPT in the dark (Fig. 8) . Table 1 ). Data (means from three independent experiments ±SD) were calculated from the slopes of alkaline elution curves including those shown in Figure 5 .
DISCUSSION
The experiments described above show that 2-HPT generates DNA damage when irradiated with visible light and that hydroxyl radicals are directly responsible for the damage, both under cell-free conditions and in mammalian cells. No DNA damage is generated in the dark. As demonstrated under cell-free conditions, the isomeric 4-HPT is 30-fold more efficient than 2-HPT. The structurally related acridine derivative HAT modifies DNA mostly by type I photooxidation and via singlet oxygen (type II photooxidation) rather than via hydroxyl radicals, despite its ability to generate hydroxyl radicals as well (unpublished results).
The generation of hydroxyl radicals by the photoinduced decomposition of phthalimide hydroperoxides, so-called 'photoFenton reagents', has been described by Saito (47, 48) , and certain furocoumarin hydroperoxides were shown to damage cellular DNA via hydroxyl radicals when irradiated at 360 nm (44, 49) . The use of these hydroperoxides, however, appears to be limited by the poor water solubility and side reactions in the dark or under irradiation. Therefore, we anticipate that 2-HPT and 4-HPT will become valuable new agents for the study of genotoxic effects of hydroxyl radicals in cellular systems, in particular to correlate the DNA damage with its consequences such as induction of mutations and changes of gene expression.
The results presented above also provide evidence that the DNA damage induced by H 2 O 2 at 0_C is ultimately caused by hydroxyl radicals, which most probably are generated in a Fenton reaction (50) . The involvement (not necessarily the ultimate responsibility) of hydroxyl radicals in the damage was previously concluded from findings that 1,10-phenanthroline, an iron chelator capable of preventing the Fenton reaction, inhibits the formation by H 2 O 2 of DNA strand breaks in Chinese hamster ovary cells (15) and of mutations in V79 cells (51) . An activation of intracellular endonucleases, which was shown to be another relevant DNA-damaging mechanism in experiments carried out at 37_C (15), apparently does not play a significant role under the mild conditions applied in the experiments described here.
Repair endonucleases allow the quantification of oxidative DNA modifications under very mild conditions that minimize degradation of labile lesions, as stated previously (52) . The use of DNA damage profiles as fingerprints represents a new and most direct approach to identify the reactive species that is ultimately (i.e. direcly) responsible for the DNA damage under given conditions. So far, the results presented here and previously (34, 45, 46, 53) indicate that two quite different types of oxidative DNA damage can be induced in cells. On one hand, hydroxyl radicals (e.g. generated by H 2 O 2 and by 2-HPT plus light) give rise to a complex spectrum of modifications which includes strand breaks, various oxidised AP sites and base modifications; on the other hand, several less reactive species such as singlet oxygen, type I photosensitizers and bromine radicals generate mostly 8-hydroxyguanine (Fpg-sensitive base modifications) and few strand breaks, AP sites and pyrimidine modifications. It is anticipated that the consequences of oxidative DNA damage, for example the type and extent of mutations, is largely defined by the type of the DNA damage profile and the extent of damage, the latter determined by the amount of any suitable marker modification. Work is in progress to test this hypothesis.
